• In this study, increases in intracranial pressure (ICP) in the early period after tourniquet deflation are associated with tourniquet time but not with tourniquet pressure. We also found that a tourniquet application time of ≥67.5 min was the cut-off value, and this is considered the starting point of the increase in ICP after tourniquet deflation.
Introduction
Tourniquets are routinely applied in orthopedic extremity surgery due to their advantages [1, 2] . The use of a tourniquet in orthopedic interventions provides a bloodless surgical site, providing protection against surgical complications and shortening the operation time, and consequently shortening the length of hospital stay [3] .
Local and systemic complications that develop secondary to a high cuff pressure and a long duration of tourniquet use include nerve damage, vascular injuries, ischemia/reperfusion injury, and increased intracranial pressure (ICP) [4, 5] . In recent years, minimal tourniquet inflation pressure has been used instead of traditional tourniquet pressure (TP) values to reduce complications caused by excessive TP. Bloodless surgical fields can be achieved at a much lower pressure than conventional TP by using a method formulated with arterial occlusion pressure (AOP), systolic blood pressure (SBP), and tissue padding coefficient (K TP ) values according to the circumference of the extremity (AOP = [SBP + 10]/K TP ) [6, 7] .
Studies on the relationship between tourniquet-related complications and tourniquet time (TT) have generally involved experimental animal models, and there are a limited number of human studies in the literature [8, 9] . Studies on healthy volunteers have suggested that the TT should be limited to 2 h [1, 4, 10] . The risk of systemic complications increases with time, especially in patients with morbid obesity, a history of peripheral vascular surgery, and severe left-ventricular dysfunction, as well as in elderly and trauma patients [1] . A high TP causes more metabolite accumulation in the ischemic area, and during the deflation period, more metabolites are released into the systemic circulation. In particular, the increase in carbon dioxide (CO 2 ) from the ischemic metabolic products released during the reperfusion period after the tourniquet is deflated in patients with head trauma and multiple-extremity trauma is significant in ICP. This increase causes cerebral vasodilatation and an increase in cerebral blood flow (CBF). Ultimately, an increase in ICP occurs [11] . The increased ICP following tourniquet application may alter the patient's condition by causing cerebral shift and potential permanent cerebral injury in orthopedic patients with extremity trauma and head trauma.
Although invasive methods are considered the gold standard in ICP monitoring, they are associated with significant risks such as bleeding and infection [12, 13] . Recently, many studies in the literature have shown that the ultrasonographic measurement of optic-nerve sheath diameter (ONSD) is a noninvasive and rapid technique for monitoring ICP changes [14, 15] . The primary aim of our study was to ascertain whether an early increase in ICP following tourniquet deflation is related to the TT or TP. The secondary aim of our study was to determine a cut-off value of the TT, which is considered an indicator for the increase in ICP in the early period after tourniquet deflation.
Materials and Methods
The study was carried out in the Orthopedic Operating Theater after obtaining the approval of the local ethics committee at Karadeniz Technical University's Faculty of Medicine, and the written consent of all the patients included in the study. This study included a total of 60 American Society of Anesthesiologists Physical Status Classification (ASA) I-II patients, aged 18-65 years, who were scheduled for elective orthopedic intervention with tourniquet application of a lower extremity.
Patients excluded from this study include those with a known history of orbital trauma, ophthalmic diseases, and surgery, conditions that could cause ICP changes (cerebrovascular events, hemorrhage, intracranial space-occupying tumors, etc.), or coagulopathy, as well as those who refused to participate in the study, had any contraindication to general anesthesia or tourniquet use, or had previous adverse reactions to the medications used in the study.
After the preoperative evaluation, the patients were ready for anesthesia after 8 h of fasting and monitoring including electrocardiography (ECG) and heart rate (HR), noninvasive mean arterial pressure (MAP), peripheral oxygen saturation (SpO 2 ), end-tidal CO 2 (EtCO 2 ) (Spacelabs Medical, USA), bispectral index (BIS) (Aspect Medical Systems XP, USA), and neuromuscular monitoring. After premedication with 0.03 mg/kg midazolam and 3 min of preoxygenation, anesthesia was induced by intravenous administration of 2-3 mg/kg propofol and 1 μg/kg fentanyl, muscle relaxation achieved with 0.6 mg/kg rocuronium, and endotracheal intubation carried out when the BIS value reached < 60. After successful intubation was confirmed, mechanical ventilation was set to achieve a tidal volume of 6-8 mL/kg and a respiratory rate of 10-12 min. Anesthesia was maintained with a BIS of 40-60, a total gas flow rate of 4 L/min using sevoflurane in a concentration of 1-2%, an O 2 /medical air ratio of 1: 1, a continuous remifentanil infusion of 0.1-0.5 μg/kg/min, and muscle relaxants when needed.
In a total of 60 orthopedic surgical patients, a standard pneumatic tourniquet with an 11-cm-wide cuff was placed so that the distal tip was at a distance 15 cm from the proximal pole of the patella. Computer-assisted randomization was used to assign patients to either group A (inflation with a pneumatic TP of SBP + 100 mm Hg; n = 30) or group B (inflation using the AOP formula; n = 30). A consort flow diagram of the study is shown in Figure 1 . Randomization was performed before group assignment using computer-assisted random numbers from www.randomization. com. The allocation list was generated before the study and packed in an envelope. The envelope was opened only when adding a new patient who fulfilled the inclusion criteria.
In the group inflated according to the AOP formula, the equation "SBP + 10 mm Hg/K TP " was used. The initial SBP was measured, and the corresponding tissue padding coefficient value (K TP ) was used [6] . A final TP was achieved by adding 20 mm Hg to the AOP value for safety purposes. The tourniquet was inflated after exsanguination of the limb using an Esmarch bandage or elevation of the limb for 3 min. During the operation, the TP was increased by 10 mm for each 10-mm Hg increase in the SBP during the measurements performed at 10-min intervals. If there was an increase in initial TP and SBP, the value obtained was recorded as maximum TP.
Sonographic measurement of ONSD was performed by 2 anesthesiologists experienced in ultrasonography in accordance with DOI: 10.1159/000495110 studies reported in the literature [16] . Four measurements were performed separately in the transverse and sagittal planes for both eyes. The average of these 4 measurements was accepted as the final value.
The values were recorded separately at 5 different time points: 15 min before the induction of anesthesia (T 0 ), immediately before deflating the tourniquet (T i ), and 5, 10, and 15 min after the tourniquet was deflated (Td 5 , Td 10 , and Td 15 , respectively). In addition, the general characteristics, operation, and TT, AOP, and initial and maximum TP of each patient were recorded. At the end of the operation, the surgeon, who was blinded to the TP, rated the performance of the tourniquet as excellent (no blood in the surgical field), good (some blood in the surgical field but not interfering with surgery), or bad (the blood in the surgical field obscured the view), and the results were recorded.
Statistical Analyses
The Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, USA) v23.0 was used for the statistical analysis of the data obtained in the study. Descriptive statistical expressions (frequency, mean, and standard deviation [SD]) were used to assess the data. For the comparison of descriptive values, the χ 2 test was used. Normal distribution of values was assessed using the KolmogorovSmirnow test, and Student's t test was used for all measures fulfilling the parametric test hypothesis. Repeated-measures ANOVA and the Bonferroni correction were preferred for comparison of the parameters of the 2 groups. The Pearson correlation analysis was used for intermeasure comparisons.
Receiver-operating characteristics (ROC) curves were generated to determine the ONSD and the cut-off point of EtCO 2 measurements in patients with a TT of ≥60 min. ROC analysis was used to determine the cut-off values in diagnostic tests. Sensitivity, specificity, and positive and negative predictive values (PPV and NPV) were calculated according to the cut-off. The results were within the 95% confidence interval (CI), with a significance level of p < 0.05.
The following values were used for the calculation of sample size. A total of 60 cases (23 from the test positive group [ONSD ≥5 mm at 5 min after tourniquet deflation] and 37 from the negative group [ONSD < 5 mm at 5 min after tourniquet deflation]) achieved a 53% power to detect a difference of 0.1500 between the area under the ROC curve (AUC) under the null hypothesis (i.e., patients having a short operation time would not have a high ICP) of 0.6500, and an AUC under the alternative hypothesis (i.e., patients having a long operation time would have a high ICP) of 0.8000 using a two-sided z test at a significance level of 0.05000. The data are discrete (rating scale) responses. The AUC is computed between false-positive rates of 0.000 and 1.000. The ratio of the SD of the responses in the negative group to that of the responses in the positive group was 1.000. 
Results
The general characteristics and intraoperative data of the patients are shown in Table 1 . There was no significant difference between the groups in terms of HR, MAP, SpO 2 , BIS, and ONSD and EtCO 2 values (p > 0.05) ( Table 2 ). The initial and maximum TPs were found to be significantly higher in group A than in group B (p = 0.0001 for all).
There was a significant positive correlation of TT and the ONSD and EtCO 2 measurements at 5 min after tourniquet deflation (r = 0.57, p = 0.0001 for ONSD and r = 0.35, p = 0.006 for EtCO 2 ). However, there was no statistically significant correlation between maximum TP and the ONSD and EtCO 2 measurements at this time point.
Taking ONSD ≥5 mm as a standard criterion, ROC analysis was performed to determine the TT cut-off value when the ONSD was ≥5 mm. The AUC was 0.82 (95% CI 0.71-0.93) in the ROC created, and the cut-off value for the optimal TT was ≥67.5 min (sensitivity 87%, specificity 59.5%, PPV 57.1%, and NPV 88%; Fig. 2) .
The evaluation of all cases showed a significant difference in TT value between the groups assigned an ONSD value of ≥5 mm and < 5 mm at 5 min after tourniquet deflation (92.7 ± 24.4 and 62.3 ± 21.1, respectively; p = 0.0001; Fig. 3 ). During the same period, there was no significant difference in maximum TP between the groups (207.86 ± 26.2 and 210.65 ± 24.8, respectively; p = 0.684).
During the study, there were no complications associated with ultrasonographic ONSD measurements.
Discussion
Our major finding was that the increase in ICP in the early period after tourniquet deflation (after 5 min) was associated with TT but not with TP. We also found that a TT of ≥67.5 min was the cut-off value and is considered the starting point of the increase in ICP after tourniquet deflation.
In orthopedic surgery, tourniquets are often used to reduce hemorrhage in the operative field, improve the visualization of important structures, and expedite the surgical procedure [3] . All pneumatic tourniquets including the new generation of automated devices can lead to a wide range of complications, from minor and self-limiting to life-threatening [1] .
Local complications may be due to either direct pressure to, or tissue ischemia in, the underlying tissues, whereas systemic effects are usually associated with TT and ischemia-reperfusion following tourniquet deflation [1] . It has been recommended that TT be limited to 2 h in human studies due to the increase in postoperative complications caused by an extended TT [10] . Investigating the relationship between TT and postoperative complica- tions in arthroplastic knee surgery, Olivecrona et al. [17] found an increase in postoperative complications including wound leakage, local injury due to TP, nerve damage, compartment syndrome, deep venous thrombosis, and pulmonary embolism with every 10-min increment in TT. The use of the lowest effective inflation pressure is aimed at minimizing the local complications associated with tourniquet use, such as nerve damage. Orthopedic surgeons often apply a constant inflation pressure (typically, 250 mm Hg for the upper arm and 300 mm Hg for the thigh), or a constant pressure over the systolic arterial pressure (typically, + 100 mm Hg for the upper arm and 100-150 mm Hg for the thigh) [18] .
When compared to conventional methods, studies have shown that the TP is reduced by 19-42% according to the AOP calculated just prior to surgery [19] . It has also been determined that these pressures are sufficient to provide a bloodless surgical site [6] . Olivecrona et al. [20] compared tourniquet applications by SBP and AOP and found that an adequate bloodless surgical site could be provided with lower pressure and that the postoperative complication rate was lower in patients who underwent the AOP technique. In our study, we found that TP at the beginning of the operation and maximum TP were significantly lower in group B than in group A, and that there was no difference between the groups in terms of satisfaction with the surgical field. In addition, we found there was no difference between the groups in term of ICP.
The metabolic effects of tourniquet use are usually due to ischemia-reperfusion injury after tourniquet deflation. After 1-2 h of ischemia, a modest increase in arterial plasma potassium, lactate levels, oxygen consumption, and CO 2 production, and a transient decrease in arterial pH levels occur following tourniquet deflation [21, 22] . The potent vasodilator effect on the veins of elevated CO 2 following tourniquet deflation results in a 50% increase in middle cerebral artery blood flow velocity, which peaks after approximately 2-4 min and returns to baseline value within 8-10 min [23] [24] [25] .
There are a limited number of studies in the literature evaluating ICP changes after tourniquet deflation. Eldridge and Williams [26] reported that an increase in EtCO 2 level was accompanied by an increase in ICP after tourniquet deflation, according to invasive ICP monitoring inserted in the preoperative period in a patient with traumatic brain injury who had a tourniquet applied during orthopedic surgery. With tourniquet deflation, the concomitant increase in CO 2 level can cause a dangerous increase in ICP. This situation may have serious consequences in patients with traumatic brain injury or an intracranial space-occupying lesion.
In ICP monitoring, the intraventricular catheter technique is accepted as the gold standard despite being invasive. Therefore, in our study, we determined ICP changes after tourniquet deflation using serial ultrasonographic ONSD measurement, which is a noninvasive, safe, and rapid technique for showing ICP changes. Based on results reported in other studies, the optimal cut-off value of ONSD for predicting intracranial hypertension ranges from 5.0 to 5.9 mm [27] [28] [29] . We therefore chose an ONSD cut-off value of 5 mm in our study.
We determined that ICP increase due to the increase of CO 2 associated with ischemia-reperfusion, especially in the early period after tourniquet deflation, was not affected by TP but was correlated with TT. A review of the literature did not reveal any studies on cut-off point and onset of ICP increase (> 5 mm) or on TT and TP. In our study, the ONSD value at the point when the ICP increase started 5 min after tourniquet deflation was found to be correlated with TT but not with TP. It should be taken into consideration that the ICP increase may already start in the early period following tourniquet deflation after a TT exceeding 67.5 min in patients with an intracranial space-occupying lesion or traumatic brain injury who undergo tourniquet application of a lower extremity.
The most important limitation of our study was the use of noninvasive, serial ultrasonographic ONSD measurements because of the potential for ethical problems related to surgical intervention, even though invasive methods that directly measure ICP values are the gold standard. Additionally, the sample size should be larger in order to obtain more precise results for determining a cut-off value for the TT, which is the limit of the ICP increase. The third limitation of the study was its low power.
Conclusion
(1) Does TT or TP cause ICP increase after pneumatic tourniquet deflation in lower-extremity surgery? (2) What is a safe cut-off value for TT or TP? In this study, we found that the increase in ICP in the early period after tourniquet deflation was associated with TT but not with TP. We also believe that clinicians should be cautious about the start of ICP increase after tourniquet deflation when the TT exceeds 67.5 min.
